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Abstract
The paper presents a method to store data in a workpiece directly during its manufacturing process. During turning a
sort of bar code can be added to a workpiece by simply modifying its surface. The code can be written by using the
same tool used for rough-turning or finishing, can be fully automatized and the new microtexture can be easily read
along all the cylindrical surface. The written code involves a limited length and does not alter deeply the functional
characteristic of the surface, while the wide lateral surface prevents the information to be lost as a consequence of 
dents and scratches.
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1. Introduction
Product tracing and tracking are fundamental in
production and logistics and they are pushing research in 
developing systems to write or embed information in 
workpieces.
Information storage on workpieces is based on labels,
tags, or codes printed directly on the product itself 
through various additional processes such as laser 
marking or printing or embedding RFID into the product 
itself [1]. Unfortunately, during the product lifecycle
labels may be removed, destroyed or altered, thus
missing the link between the piece and the information
embedded.
Therefore research is focusing on (i) manufacturing 
techniques for embedding information into the bulk of 
the workpiece (ii) reliable and cost effective writing-
reading processes and (iii) minimally invasive
techniques.
While in the past inkjet technology was used to write
labels and laser heads to decode the written information,
now direct laser marking [2, 3] is rapidly replacing the
older product marking technology (especially in 
biomedical devices, automotive and aerospace parts). 
Usually the laser marked information are in the form of 
human readable alphanumeric symbols, barcode or Data-
Matrix codes. Moreover the decrease of the costs of laser 
sources and their flexibility have increased their
diffusion. Although the laser can be integrated in the
assembly line or after a manufacturing process, it is an 
additional process and requires additional devices.
In the last years RFID technology observed an 
impressive growth in the field of logistics, but also in 
automotive, healthcare, tourism, etc. [1] Unfortunately
RFIDs are very sensitive to the close presence of 
conductive media, therefore they can not be easily used
on metal parts. Nowadays research efforts are oriented to 
direct RFID printing [4], code embedding [5] and in 
process coding [4]. Recently Behrens et al. [5] described 
a technique for permanent embedding data in structural
parts. Behrens et al. arranged external elements in a
matrix into a powder before compacting and sintering.
The code is read through X-ray or Computer 
Tomography. 
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Storing data on the surface of a piece/device through 
engraving has a long tradition: it has been used for years 
in vinyl discs for audio purposes and later in CD rom 
and DVDs. Other techniques of replicating data through 
an engraved master are well explained in 6where the 
problems related to surface replication at micro and nano 
scale are discussed. However the created surfaces 
through engraving or replication in polymeric supports 
are very sensitive to sun light (UV rays) and damages 
caused by handling. 
In order to create a long-life code in metal parts Denkena 
et al. [7, 8, 9] developed a code writing process based on 
the idea of storing information directly in the workpiece 
during the manufacturing process itself. The choice was 
to microtexture the surface through a piezoelectrically 
driven tool able to create a controlled texture on the 
surface [7]. Thus the code was written by changing the 
vibration frequency of the tool and read through a proper 
lighting system and image processing analysis. The 
developed process is really powerful but requires a 
dedicated device to control the tool. 
The basic idea presented in this paper is to use the 
turning process itself to write a code avoiding additional 
tools and fixtures. In particular, the working principle 
proposed and tested is based on an additional turning 
pass made on the already turned surface. The tool comes 
into contact with the already turned surface and moves at 
the same feed rate in the same feeding direction for a 
certain length, then moves back. The traces left on the 
workpiece during the additional pass may represent the 0 
bits while the unchanged surface represents the 1 bits.  
The code can be written by a simple ISO code 
included in the part program and can be visualised 
through the processing of a magnified image of the 
coded surface. 
2. Theoretical model 
The effect of feed, shape and size of the tool on the 
surface roughness in turning was investigated by 
Schmalz [10, 11] exclusively through geometrical 
models. Under particular conditions (e.g. low feed) the 
machined surface is obtained only through the corner 
radius r. The theoretical profile of the finished surface 
appears as a sequence of arc circles. In that conditions 
the Schmalz total roughness formula is: 
Rt = (r- Ǧ )  [ m]                                             (1) 
 
where Rt s is the feed 
[mm/rev]. 
When an already finished surface is finished again 
with the same cutting parameters and without increasing 
the depth of cut with respect to the previous finishing 
cut, a new formulation of the final Rt can be obtained by 
adopting an Fig 1 
the black circles represent the position of the tool corner 
radius along a generatrix during the first finishing, while 
the green ones represent its position during the second 
pass. When the tool leaves the surface, moves out and 
comes back, generally it loses the phase with respect to 
the previous position. Thus, with a very high probability 
a distinct helical groove is generated. 
In fact, after re-finishing, a new helical groove is 
added to the previous one generated during the finishing. 
They are geometrically identical but shifted. The linear 
the starting point of the tool between the finishing and 
refinishing passes. 
Theoretically, the second helicoid can be between 
two conditions: (i) exactly in phase with respect to the 
first one and (ii) in counter phase. In the first case the 
second helicoid is totally superimposed to the first one 
Rt remains (theoretically) the same. 
In the second case the phase shift is , the linear shift is 
 and Rt reaches the theoretical minimum value as 
shown in Fig 1. 
 
 
Fig 1: Profiles obtained with a single finishing pass (left) and with a re-
 
Take the two situations when the phase shift is 
1=s/2  and 2  Fig 2). 
In the first case the peaks A (the intersection between 
black circles) due to the first pass are split into two 
asymmetric tips, B and C (the intersection between black 
and green circles). Rt is due to the highest peaks, that is 
C. In the second case B height determines Rt that equals 
the value of the first case. 
 
Fig 2: Two symmetric situations of the linear shift with respect to the 
axis in s/2. 
 
As shown in Fig 2, in the first case Rt is the same as 
it would be found with a single finishing cut and a feed 
equal to s- , while in the second case Rt would 
correspond to a feed equal to . Rt  is a periodic 
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function with period s and symmetric with respect to the 
vertical axes in s/2. In the two cases Rt is the same 
because the phase shift is symmetric with respect to s/2. 
The equation describing the roughness Rt in re-
finishing becomes:  
Rt  =     (2) 
 
Fig 3 shows the plot of Rt  with a=0.14mm/rev and 
r=0.4mm, typical values for finishing operations: 
Theoretically Rt varies from Rt m, the same 
value for a single finishing pass, up to the minimum 
Rt m. 
 
 
Fig 3: Rt  function, in the interval [0,s].  
Fig 3 shows the theoretical behavior, but in practice: 
1. when the feed diminishes and the Rt decreases, the 
well-
starts; 
2. the elastic deformation of the workpiece under the 
cutting forces and the elastic deformation of the 
tool-machine system play a role in the process; 
3. the positioning repeatability of the tool tip along the 
lathe X axis can affect the final surface roughness. 
The following section describes the experiments 
oriented to validate the idea in case of finishing and to 
investigate what happens when Rt obtained in the 
finishing pass diminishes.  
3. Experiments 
3.1. Concept validation 
The validation of the theoretical analysis has been 
performed on a low length/radius ratio workpiece, 30mm 
in diameter and 70mm long. The workpiece was in 
aluminum alloy (Ergal) and was held through a self-
centering chuck and a center on tailstock of a 
conventional CNC lathe.  
First, the workpiece has been roughed, leaving a 
finishing allowance of 0.15mm and then finished at 
 with a cutting speed v=137m/min and sintered 
carbide insert with tool corner radius r=0.4mm. After the 
finishing the same tool made a refinishing pass coming 
into contact with the finished surface at =29mm with 
the same feed direction and rate (Fig 4). 
 
 
Fig 4: The workpiece with machining allowance of rough-turning and 
finish-turning on the lathe (on the left) and, after finishing, the tool 
trajectory in re-finishing (on the right)  
Since Rt is almost proportional to the square of s, 
small variations of the feed cause remarkable changes in 
Rt. Therefore, two finishing experiments have been 
performed with slightly different feeds: (i) 
s=0,14mm/rev and (ii) s=0,10mm/rev. In test conditions 
the profile was generated only by the tool radius.  
 
(i) Finishing pass at s=0.14mm/rev 
Fig 5 shows an excerpt of the surface profile 
measured by using a stylus instrument and an external 
reference. The first finishing pass generated a surface 
with Rt=7.8 m (Fig 5 left) while the second one (p=0 
and same v and s) generated a final surface with 
Rt=4.2 m (Fig 5 right). The value of Rt is in agreement 
with the result of Fig 3. 
Fig 5: The surface profile after finishing (s=0,14): first pass (left), 
second pass (right).  
In Fig 5 the surface profile shows two different 
textures in the finished and refinished areas. In fact, in 
the refinished surface, the tool radius cuts only the peaks 
left by the previous pass. Thus Rt diminishes remarkably 
as foreseen in the Schmaltz-like approach.  
Different behaviors appear when feed and 
consequently Rt diminish. The reduced thickness of the 
chip to be removed during re-finishing can bring to the 
refusal of the material. Therefore the Schmaltz-like 
approach described in section 2 may lose its 
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effectiveness for low feed values. 
 
(ii) Finishing pass at s=0.10mm/rev 
Fig 6 shows an excerpt of the surface profile obtained 
with s=0.10mm/rev and measured as described above. 
The finished and refinished zones can be easily observed 
through the transitions between them. In the transition 
zone the tool reaches the workpiece or leaves it. Fig 6 
shows the finished zone on the left, and the re-finished 
one on the right. 
 
 
Fig 6: The surface profile: finished zone on the left and re-finished 
zone on the right.  
Comparing the two zones four main remarks can be 
done: 
1)  the external diameter of the workpiece remains 
nearly the same (except in transition zones), in fact 
the peaks have the same height; 
2)  the spacing between irregularities is the same in the 
two areas; 
3)  the value of Rt is the same in the two areas 
(Rt=4.1 m), a change in Rt can be noticed only in the 
transition zones; 
4)  the peaks in the finished area are out of phase with 
respect to those in the re-finished one. 
In conclusion, in the two areas the tips have almost 
the same shape, spacing and height, but they are out of 
phase. The variation of the phase demonstrates that the 
refinishing pass modifies the texture of the already 
finished surface.  
3.2. Code writing 
In case of finishing with s 0.14mm/rev, the 
refinishing can be easily detected through the difference 
in Rt. Conversely in case of lower feed values (e.g. 
s=0.10mm/rev) only the transition zones can be detected. 
However in both cases the transition zones in which the 
tool approaches the workpiece and exits can be easily 
observed. Fig 5, Fig 6 and Fig 7 show evidences of the 
transitions. 
Therefore, a bit in the code can be associated to 
different machining conditions: e.g. 0 for the finishing 
and 1 for re-finishing. 
Fig 7 shows a wider view of the profile that is a part 
of a code obtained with s=0,10mm/rev. The two 
refinished zones are easily detectable through the 
transition zones (circled in red) where Rt changes 
remarkably.  
 
 
Fig 7: A wider view of the scanned surface in which the transition 
zones between finished and re-finished segments are highlighted.  
Fig 8 shows a SEM image in which the transition 
zones appear as grooves wider than the other ones. Thus, 
every re-finished zone is characterized by an initial 
transition zone in which the tool reached the workpiece 
surface, and a final one in which the tool left it.  
 
 
Fig 8: Surface texture of the workpiece.  
Probably these areas are also affected by the 
numerical control system of the lathe. In fact at 
micrometric scale the control adopts particular strategies 
(i) to maintain the feed rate as much constant as possible 
and (ii) to keep it always tangential to the trajectory by 
rounding the sharp corners. The trajectory produces 
modification of the texture of the workpiece at 
micrometric scale and the transition zones appear like 
wide grooves. 
Four different materials have been tested (aluminum 
alloy, bronze, carbon steel and stainless steel) and 
similar behaviors have been evidenced. 
Tests have been performed using both a new and a 
partially worn tool (VBB 0.3 mm according to ISO 
3685:1993). In these conditions the writing process was 
not affected by tool wear and the code was readable. 
The used machine tool was a conventional CNC lathe 
with a repeatability of 
Even if the code writing reliability is strongly influenced 
by the positioning repeatability of X axis, it must be 
outlined that the above mentioned repeatability 
corresponds to a lathe in good maintenance conditions. 
Higher values may cause both out-of-tolerance parts and 
a unreliable code writing. 
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The wide lateral surface containing the code can 
prevent the information to be lost as a consequence of 
dents and scratches due to improper handling or 
accidental events. In fact, due to the turning process, the 
code is written on a cylindrical surface and can be read 
on many generatrices. Moreover, in order to increase the 
reliability of the reading system, some check bits have 
been added to the code. They allow to verify the 
correctness of the code itself (see section 3.3.2). 
3.3. Code reading 
3.3.1. Reading set up 
The transition zones (described before and shown in 
Fig 7 and Fig 8) can be highlighted through an optical 
method. The coded workpiece is located under a CCD 
camera. The transition zones can be highlighted by 
lighting the upper surface of the sample with two lights, 
as shown in Fig 9. 
 
 
Fig 9: Arrangement of the sample, LEDs CCD and magnification lens. 
With a proper choice of the angle  between the axis 
of the lights and the axis of the workpiece and the 
distance d between the lights and the workpiece, it is 
possible to highlight only the transition zones. Fig 10 
shows the working principle and the light transition 
zones, that for the axisymmetric geometry appear as 
white segments.  
The CCD camera acquires the light reflected by the 
workpiece and, in particular, the part coming from the 
transition zones as shown in Fig 10. 
Two opposite light sources are necessary: the 
right/left source highlights the left/right transitions 
zones. The highlighted transition zones on the surface of 
the workpiece appear to the CCD camera like bright 
vertical thin stripes on a dark background (Fig 11). 
Finished and refinished zones can be detected and their 
extension measured by using a tailored image analysis 
software. 
 
Fig 10: The lighting system: working principle.  
3.3.2. Image processing algorithm 
The reading system processes and analyses the 
magnified images of the workpiece surface where the 
code is located. The software identifies the transition 
zones that correspond to the switching points of the code 
(0 1 or 1 0). Therefore all the bits between two 
consecutive transition zones have the same value 
(namely 0 or 1). Moreover, when the length of one bit is 
known, the system counts the number of the bits 
between two consecutive transition zones. 
The highlighted transition zones can be easily 
detected thanks to the contrast with the dark background. 
In order to enhance the contrast the two LEDs are 
switched on alternatively. The left LED highlights the 
right transition zones while the right LED highlights the 
left transition ones. The code is rebuilt by processing 
both the images separately and then merging the 
obtained results.  
The processing phase consists in: a transformation of 
the original image into a grayscale, a binarization 
through a proper choice of a threshold (depending on the 
material of the workpiece) and a spatial filtering to 
remove the noise. Fig 11 shows the decoding process of 
a code from its acquisition to the final sequence of bits.  
The reading system has been tested on four different 
materials: aluminium alloy, bronze, steel and stainless 
steel. Fig 
9 can be maintained constant, the image processing has 
been optimized for each material in order to improve its 
reliability and robustness. 
Several tests have been performed on different lathes 
working at high speed. In all these tests the bit length 
was set at 0.4mm. It allows both a reliable writing and 
reading process. 
The code proposed in this paper is 10.4mm long, 
composed of 26 bit. It begins with two start bits (1, 0) 
and ends with two bits (1, 1), moreover it contains 5 
check bits and 17 information bits. The start and the end 
bits define the reading direction of the code, while the 
check bits control the correctness of the code as read by 
the reading system.  
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Fig 11: Decoding of the written data. 
4. Discussion and conclusion 
The paper demonstrates that a barcode can be written 
by using the same tool of a finishing operation, without 
increasing the depth of cut. The writing process results 
barely invasive, it is fast and easy to be implemented and 
automatically programmed. Furthermore, the obtained 
code can be reliably read through a CCD camera with 
low magnification lens, a proper LED lighting system 
and an image analysis software. Therefore, the costs of 
both code writing and reading are comparable or lower 
than other commercial systems. 
The barcode should be located in an area of the 
workpiece without any functional importance. Its 
position can be identified in the drawing and therefore 
easily retrieved and converted in ISO CNC language 
through a simple macro. 
Similarly of other coding processes, external factors 
as corrosion, mechanical damages, etc. can prevent the 
code to be properly read during the lifecycle of the part. 
However, in case of localized damages, the correctness 
of the code can be checked thanks to the check bits and 
the code read in a damage-free area. 
The reading process is based on the analysis of the 
transitions zones rather than on the measurement of the 
roughness. Although the tool wear affects the value of 
the roughness (both Ra and Rt), if the average width of 
the flank wear land is maintained within standard values 
(VBB 0.3 mm in ISO 3685:1993), the transition zones 
continue to be properly detected.  
Further tests will be carried out to assess the effect of 
different wear morphologies, positioning repeatability of 
the lathe and presence of extended damages on the 
coded area. 
References 
[1] Zhu, X, Mukhopadhyay, S K, Kurata, H, A review of RFID 
technology and its managerial applications in different industries, 
2012, Journal of Engineering and Technology Management, 
Volume 29, Issue 1, Pages 152-167 
[2] Laser marking http://www.panasonic-electric-
works.com/peweu/en/html/laser_markers.php?gclid=CP3UwKm
auLUCFdHMzAod7wEADw Last access : 30/04/2013 
[3] Andreeta, M R B, Cunha, L S, Vales, L F, Caraschi, L C, 
Jasinevicius, R G. Bidimensional codes recorded on an oxide 
glass surface using a continuous wave CO2 laser, 2011, Journal 
of Micromechanics and Microengineering 21 (2): 025004. 
Bibcode 2011JMiMi..21b5004A. doi:10.1088/0960-
1317/21/2/025004 
[4] Kim, Y, Lee, B, Yang, S, Byun, I, Jeong, I, Cho, S M, Use of 
copper ink for fabricating conductive electrodes and RFID 
antenna tags by screen printing, 2012, Current Applied Physics, 
Volume 12, Issue 2, March 2012, Pages 473-478 
[5] Behrens, B.-A., Vahed, N., Kammler, M., Functionalization of 
PM components by integration of inherent data carriers and 
sensory elements, 2013, Production Engineering, January 2013, 
Volume 7, Issue 1, pp 123-129 
[6] Hansen, HN, Hocken, RJ, Tosello, G, Replication of Micro and 
Nano Surface Geometries, 2011, Annals of the CIRP vol 2 
pp.695 
[7] Denkena, B., Boehnke , D., Spille, C. Dragon, R. In-process 
information storage on surfaces by turning operations, 2008, 
Annals of the CIRP 
[8] Denkena B., Boehnke D., Kastner J. Microstructuring of 
functional surfaces by means of cutting processes, 2008, 
Production Engineering, 2 (1), pp. 21-25. 
[9] Denkena B., Kastner J., Wang B. Advanced microstructures and 
its production through cutting and grinding, 2010, CIRP Annals - 
Manufacturing Technology, 59 (1), pp. 67-72. 
[10] Schmalz, G. 1929 see Reason, R. E. Surface finish and its 
measurement, J. Inst. Prod. Eng. Oct 1944. 
[11] Schmalz G, Technische Oberflachenkunde, 1936, Berlin, 
Germany, Springer 
1 0 0 0 0 0 0 00 1 00 1 0 1 00 1 1 1 10 1 0 0 0
Right
LED
Left
LED
CCD 
image
Processed
image
Processed
image
CCD 
image
